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Hydroxypropyl modified lignin (TcC) and organosolv lignin (TcA) were melt blended 
with two types of bio-based polyamides (PA) (PA1010 and PA1012) before being melt spun 
into filaments. With a lignin/bio-PA ratio 50/50 wt.%, the filaments could be continuously 
produced and spooled having tensile strengths ≥20 MPa and moduli ≥500MPa. The influence 
of each polyamide blended with each lignin on structural (FTIR), thermal (DSC, TGA, DMA), 
mechanical, rheological and morphological properties of the resultant extrudates and/or 
filaments were studied. The melting point of each polyamide was reduced in the presence of 
TcA and TcC lignin and, shifts in the glass transition temperature (Tg) and FTIR characteristic 
peaks occurred, which suggests that the selected polyamides and lignins are compatible with 
each other. The improved lignin/polyamide compatibilities were further supported by 
Pukanszky interfacial adhesion modelling. Despite the evidence for strong interactions, 
heterogeneous morphologies were observed in the resulting blends and scanning electron 
microscopy (SEM) was used to determine dispersed lignin domain sizes which decreased when 
stronger lignin/polyamide interactions resulted.  
As a possible indicator of carbonisation efficiencies, blends were subjected to a 
simulated stabilisation/cross-linking process and subsequent TGA char residues were higher 
than those theoretically calculated at 880oC, indicating that the bio-polyamide acted as a char-
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promoting agent for the lignin besides being a good blending partner. Overall, this study has 
indicated that the developed lignin/bio-polyamide filaments have potential as melt-extrudable 
precursors for carbon fibre production.  
 





In recent years, bio-based replacements have gained great attention in both academia and 
industry as possible replacements for petrochemically-based materials, including those used as 
precursors for carbon fibre production. Lignin, produced as a major by-product  during wood 
pulp manufacture, is an  amorphous bio-based polymer that accounts for 17–24 wt.% in grass, 
18–25 wt.% in softwood and 27–33 wt.% in hardwood [1]. It is a highly heterogeneous 
aromatic macromolecule and is derived from hydroxycinnamyl monolignols with different 
degrees of methoxylation. Lignin characteristics depend on its botanical origin, 
extraction/isolation method, molecular weight, major monomer proportions, degree of 
branching, and purity. Softwood lignin is mostly composed of guaiacyl units with a low level 
of H units, whereas hardwood lignin is mainly composed of syringyl and guaiacyl units with a 
trace of H units [2, 3]. The monolignol units are linked together via 50–60% β-O-4 ether 
linkages [4] and lignins with a low concentrations of these can be good candidates for high-
value applications [5, 6].  
Apart from its use as a low-cost biofuel  [7], in recent years, extensive research has been 
done towards lignin-based, high performance materials development because of its availability, 
and renewable nature [8]. Due to its high aromatic carbon content (~40%), one potential 
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application of lignin is as a renewable precursor for low cost carbon fibre production [9–11]. 
However, raw lignin has melt processing difficulties because of its variable molecular weight 
and complex and interconnected structure. Blending lignin with high molecular weight 
polymers can improve some of its unfavourable features, such as melt processability, 
flexibility, and mechanical properties [12, 13]. Miscibility of lignin with synthetic polymers is 
limited because of the low entropy of mixing and its endothermic character and very often 
incorporation of lignin leads to adverse effects on the performances of the resulting blends. 
Interestingly, a few studies have produced miscible blends of lignin with poly(ethylene 
terephthalate), poly(ethylene oxide), polypropylene and polyamide 6 [12, 14–16]. Furthermore,  
blending lignin with poly(ethylene-co-vinyl alcohol) and ionomer has been shown to yield 
compatible blends via strong hydrogen or ionic bonding interactions [17, 18]. Evidence exists 
to suggest  that chemically modified lignin may help to improve the dispersibility in a polymer 
matrix or enhance its miscibility  [1, 9, 10].  
Currently, there are many bio-based polymers that have melting points below 200oC and 
are commercially available in the market including poly(lactic acid) (PLA), polyamide 11 
(PA11), polyamide 1010 (PA1010), polyamide 1012 (PA1012) [10, 19]. Recently, PLA was 
used as a fully bio-based blending partner with softwood and hardwood lignin to produce 
precursor filaments for carbon fibre production [9, 10]. Melt blended biobased PA11 with up 
to 20 wt.% of different lignin types showed good interfacial interaction, uniform distribution 
of lignin particles within the resulting formulations and improved flame-retardant properties 
[20]. In our recent  study we have explored the compatibility of an organosolv hardwood lignin 
with different bio-polyamides, PA 1012, PA1010 and PA11, and showed that blends containing 
up  to 70 wt.% lignin could be easily melt compounded [21]. It was observed that the cross-
linking between lignin and bio-polyamide components lead to increased charring tendency of 
the resulting blends, which suggests that the lignin/polyamide blends could be used for carbon 
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fibre production [21]. However, heterogeneity in all the blends was observed although quite 
uniform.  
In this paper, we have also used another lignin, a relatively high molecular weight 
proprietary hydroxypropyl modified lignin (TcC), with a view to achieving better compatibility 
with bio-polyamides than observed for TcA. The study, therefore, aims to produce bio-based 
precursor filaments from both organosolv and hydroxypropyl-modified lignins with bio- 
polyamides by continuous melt spinning to study respective mechanical, morphological, 
thermostabilization and charring behaviour in order to attempt to assess their suitability for 
carbon fibre production.  
 
2. Materials and Methods 
 
2.1. Materials 
Bio-based polyamide 1012 (PA1012, Vestamid® Terra DD) and bio-based polyamide 
1010 (PA1010, Vestamid®Terra DS) were supplied by Evonik Industries, Germany. TcA 
(Mw:3952 g/mol and PDI:4.69) and TcC (Mw:11357 g/mol and PDI:4.58),  organosolv 
hardwood lignins, were sourced from Tecnaro, Ilsfeld, Germany. According to the 
manufacturer, the TcA is unmodified organosolv hardwood lignin while the TcC is 
hydroxypropyl modified organosolv hardwood lignin and their methods of synthesis are 
commercially restricted. Figure 1 shows the simplified structure of the TcA and TcC. A 
detailed structural and thermal characterization of the TcA and TcC lignins have been reported 
by Culebras et.al with a specific differentiating feature being the emission of acetone from TcC 





Figure 1. Simplified chemical structures of as received lignin 
 
 
2.2. Melt Compounding and Melt Spinning 
 
Both lignin and each polyamide were dried at 80oC for at least 8 h in an oven before 
compounding. After drying, it was observed that each lignin had a residual moisture content of 
<1% (measured by weight loss at 105oC by thermogravimetric analysis). Four different 
formulations were prepared by hand-mixing required amounts (50 wt.%) of each lignin (TcA 
and TcC) and 50 wt.% of each polyamide (PA1010 and PA1012) in a plastic container prior to 
compounding. A twin-screw extruder (Thermo ScientificTM Eurolab 16) with a screw-rotation 
speed of 100 rpm was used to produce lignin/polyamide blends. The blends were processed 
with temperature profiles over six heating zones varying between 180-190oC. The compounded 
samples were passed through a water bath before being pelletized with a pelletizer.  
A single-screw melt spinning extruder (Labline MK 1) was used to produce filaments from 
dried (at 85oC overnight in an oven) lignin/polyamide blend pellets. This simple melt extruder 
was used because of its versatility in being able to melt extrude filaments from polymers and 
blends which would perhaps be difficult to extrude into coherent filaments using more 
sophisticated equipment. However, one drawback is its ability to extrude fine filaments having 
diameters more typical of carbon fibre precursors. The internal diameter and aspect ratio of the 
screw were 22 mm and 20, respectively. The filaments were extruded through a 40-hole 
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spinneret (diameter 500 microns) at a screw speed of 20 rpm with an increasing barrel 
temperature profile 180-200oC. Prior to being wound up on cardboard cylinders at ca. 50 
m/min, the extruded filaments were solidified by air quenching and collected over two 
consecutive heated rollers (60oC) followed by a further four rollers at room temperature.  
 
2.3 Simulated thermostabilization of lignin/polyamide precursor filaments (PFs) 
 
Thermostabilization is one of the important processes prior to carbonization the PFs for 
carbon fibre production, which initiates cross-linking between adjacent polymer chains thereby 
generating a thermosetting property and so reduces any melting tendency during subsequent 
carbonization. To establish whether cross-linking could be initiated for each filament blend, a 
simulated thermostabilization procedure was undertaken in a thermogravimetric analyser 
(TGA Q600, TA instruments, UK) using 8-10 mg yarn filament bundle samples. These 
filaments were heated to 250oC with a heating rate of 10oC/min under flowing (100 mL/min) 
air and then held for 2 h at 250oC. After cooling to room temperature, heat-treated samples 
were then analysed by differential scanning calorimetry to observe their melting behaviour (see 
section 2.4.3).  
 
2.4 Characterisation of blends and filaments 
 
2.4.1. Tensile Properties 
Tensile properties of the lignin/polyamide blend filaments were determined using an 
Instron-3369 tensile tester with a 1 kN load cell. The measurements were conducted at 50 
mm/min with a filament gauge length of 25 mm after measuring each specimen filament 
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diameter at 10 different places along its length using a digital Vernier calliper. For each blend 
sample, the reported values are averages of at least 5 specimens. 
2.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 
A Thermo-Fischer Nicolet iS10 FTIR spectrophotometer using a diamond lens 
attenuated total reflection (ATR) adapter was used to analyse lignin in powder form, each 
polyamide as received pellets and their blends as melt compounded pellets. The spectra were 
recorded from 400-4000 cm-1 with 4 cm-1 resolution and 32 consecutive scans.  
2.4.3 Differential Scanning Calorimetry (DSC) 
Thermal events such as melting and crystalization behaviour of the polyamide, lignin 
and lignin/polyamide blends were studied in a DSC Q2000 (TA instruments, UK) under a 
flowing nitrogen atomsphere (50 mL/min). The samples (~10 mg) used for the analysis were: 
lignin as powder, polyamide and lignin/polyamide blends as pellets and thermostabilized 
filament (~2 mm length) to ensure sucessful thermostabilization.  
For all samples except theromstabilised filament blends, specimens were subjected to 
a heat/cool/heat cycle with the first heating cycle (10oC/min) being performed from 20oC to 
200oC. Subsequently, these samples were cooled (5oC/min) from 200oC to 0oC . The second 
heating cycle (10oC/min) was carried out from 0oC to 200oC. The second heating and first 
cooling cycles are reported here because the thermal history of the samples were removed by 
using first heating cylce. 
For thermostabilised filament blend samples, only a first heating cycle was undertaken 
to observe whether or not melting endotherms were still present. 




χ =  
∆𝐻𝑐
∆𝐻°𝑚
 X 100%           (Eq. 1) 
The percentages of crystallinity of lignin/PA1010 and lignin/PA1012 blends pellet were 
calculated as follows[23]: 
      χ = 
∆𝐻𝑐
∆𝐻°𝑚 (1−wf) 
 X 100%         (Eq. 2) 
where ΔHc and ΔHm° are crystallization and theoretical melting enthalpies of 100% crystalline 
polyamides (PA 1010: 244 J/g and PA1012: 209.2 J/g) [21] and wf is the weight fraction of the 
lignin present in blends. 
2.4.4 Dynamic Mechanical Analysis (DMA) 
A DMA Q800 (TA instruments, UK) was used to analyse the thermo-mechanical 
properties of the lignin, polyamide and their compounded blend samples. Lignin powder (⁓2 
g) was sandwiched between 0.6 mm thick aluminium sheets and wrapped in 0.05 mm thin 
aluminium foil to avoid lignin particle loss during experiments [21]. A similar sample 
preparation procedure was adopted for the polyamide and lignin/polyamide pellet samples to 
analyse the relaxation temperatures. Experiments were conducted at a heating rate of 3oC/min 
from 25 to 200oC with 15 μm oscillating amplitude and 1 Hz vibrating frequency.  
 
2.4.5 Thermogravimetric Analysis (TGA) 
Thermal stability and char yield of the samples were analysiszed in a TA instruments 
(UK) SDT-Q600 TGA. Samples of lignin powder, polyamide and lignin/polyamide blend 
pellets and thermostabilized precursor filaments (PFs) fibres (~2 mm length) with sample 
masses 5-10 mg were examined under a nitrogen atmosphere (100 mL/min) with a heating rate 
of 20oC/min from 25 to 900oC. 
2.4.6 Rheological Properties 
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The rheological properties (complex viscosity, storage modulus and loss modulus) of 
the lignin powder, polyamide pellets and lignin/polyamide blend pellets were studied using a 
TA instruments Discovery Hybrid Rheometer HR. 2. 2 g (approx.) samples were subjected to 
dynamic frequency sweeps at 200oC in a parallel plate geometry with a plate diameter of 25 
mm. The gap between the parallel plates was 1 mm. For all the samples, 2% constant strain 
was used to perform experiments over the frequency range 628 to 0.1 rad/s.  
 
2.4.7 Scanning Electron Microscopy (SEM) 
A Hitachi S-3400N scanning electron microscope with a beam voltage of 10 kV was used to 
observe the morphologies of the lignin/polyamide blend filaments. The filaments were frozen at 
-8oC for 4 h before fracturing them to provide clean cross-sections for analysis. All the samples were 
coated a thin layer of gold prior to morphological investigation. Image J software with a pre-
calibrated scale bar was employed to measure the dispersed lignin domain sizes in the blend. At 
least 50 domain sizes were measured for each sample to get an average value. 
 
3. Results and Discussion 
 
3.1  Compatibility, interactions, and structural properties of lignin/bio-polyamide 
blended pellets 
 
3.1.1 Spectroscopic analysis of the lignins, polyamides and their blends polyamides 
Chemical structural analysis of lignins, polyamides and their blends were investigated by 
FITR spectroscopy. FTIR spectra of TcA and TcC lignins are shown in Figure 2(a). The peak 
at around 1700 cm−1 in TcA and TcC was attributed to the conjugated aldehydes and carboxylic 
acids present in both lignins. Both TcA and TcC spectra present typical features for lignin with 
skeletal aromatic vibration peaks at 1595, 1510 and 1420 cm−1 [22]. The phenyl structure of 
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TcC lignin was not significantly affected after chemical modification with the hydroxypropyl 
functionality and it showed a spectral difference with respect to TcA at sub-3000 cm−1 and in 
the range of 1000 to 1500 cm−1 (Figure 2(a)). The difference at sub-3000 cm−1 is mainly 
attributed to aliphatic methyl and ethyl ratios present and the peaks at 1330–1328 cm−1 to 
syringyl ring C–O stretching while guaiacyl ring C–O stretching peaks appear at 1270–1262 
cm−1. Thus TcC showed strong peaks at 1262 cm−1 (guaiacyl), 1138 cm−1 (C-H in plane 
deformation) and 857 cm−1 (C-H out-of-plane vibration) [22]. On the other hand, TcA showed 
peaks were observed at 1326 cm−1 for syringyl C–O units and at 1112 cm−1 for C–H in-plane 
deformation [22]. Due to the hydroxypropyl modification of TcC, a secondary alcohol C–O 
deformation peak was observed at 1020 cm−1.  
The FTIR spectra of neat PA1010, PA1012 and their blends with lignin are shown in Figure 
2(b). A detailed FTIR spectra analysis of neat PA1010 and PA1012 has been reported in our 
previous work [21] in which the peaks at  1633 cm-1  and 1536 cm-1 are characteristically the 
amide I  (C=O) and amide II (N-H bend) bands in PA1010 respectively [24–26]. Similarly, 
characteristic peaks of PA1012 were observed at 1640 cm-1 (amide I) and 1538 cm-1 (amide II). 
In order to observe the interactions between the lignin (either TcA or TcC) and polyamide 
(either PA1010 or PA1012), changes in characteristic peaks of the lignins and polyamides were 
specifically analysed. Figure 3 and Table 1 present the respective polyamide and lignin 
characteristic peaks and their shifts in the lignin/polyamide blends. The characteristic peaks 
(ether, aldehydes and carboxylic groups) of both lignins were shifted to higher wavenumbers 
after blending with both polyamides. Maximum lignin peak shifts were noticed in the 
TcC/polyamide blends compared to TcA/polyamide blends (Table 1). Such peak shifts in the 
blends may be related to the effects of intermolecular hydrogen bonding interaction between 
each lignin and both polyamides. Since some of the hydroxyl groups in TcC are substituted 
with hydroxypropyl groups, this may lead to reduced intramolecular interactions in TcC, while 
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forming good intermolecular hydrogen bonding with each polyamide. Both polyamide 
characteristic peaks were also shifted in the presence of lignins. These results suggest that the 
hydroxypropyl modified lignin (TcC) has slightly better compatibility with PA1010 and 
PA1012 than the unmodified lignin (TcA), while PA1010 seems to be more compatible with 
both lignins compared to PA1012.     
 
 







Figure 3.  FTIR spectra of (a) and (b) PA1012, TcA, TcC, and their blends; (c) and (d) 
PA1010, TcA, TcC, and their blends normalised against the absorbance from 1800-1450 
cm−1 and 1400-1150 cm−1 respectively. 
 
Table 1. TcA, TcC, PA1012, and PA1010 characteristic IR peaks alone and in their blends  
Samples Lignin aldehydes 
and carboxylic 













TcA 1698 - 1210 - - - 
TcC - 1695 - 1217 - - 
PA1012 - - - - 1640 1538 
TcA/PA1012 
(50/50) 
1704 - 1214 - 1637 1541 
TcC/PA1012 
(50/50) 
- 1710 - 1224 1636 1543 
PA1010 - - - - 1633 1536 
TcA/PA1010 
(50/50) 
1704 - 1214 - 1636 1542 
TcC/PA1010 
(50/50) 
- 1715 - 1234 1637 1538 
 
3.1.2 Differential Scanning Calorimetry 
 The DSC first heating cycle (figure not shown) of the both TcA and TcC lignin showed 
a broad endothermic peak covering and extending beyond its glassy region mainly due to their 
highly amorphous nature with strong intramolecular hydrogen bonding interactions [27]. 
Second heating cycle thermal responses of TcA and TcC lignin are shown in Figure 4(a), which 
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are typical of their amorphous non-melting characteristics [10, 28]. However, apparent Tg 
transitions for TcA and TcC lignin appear at 102 and 115oC, respectively. The lower molecular 
weight lignin (TcA) is a possible contributing factor of its lower Tg because molecules possess 
a higher free volume than the higher molecular weight lignin, TcC [29]. It has also been 
reported that a low Tg value can be observed for lignins composed of  higher syringyl and lower 
guaiacyl contents and vice versa with regard to higher Tg values [30, 31]. It can be postulated 
that TcA is composed of higher syringyl and lower guaiacyl contents compared to TcC lignin 
[22]. These hypotheses are consistent with the result observed in FTIR spectra of TcC (a strong 
peak at 1262 cm−1 for guaiacyl units) and TcA (peak at 1326 cm−1 for syringyl C–O units).  
After removing the thermal history of the samples following the first DSC heating 
cycle, results (second heating and first cooling cycles) of the neat polyamides and respective 
lignin blends are summarized in Table 2. Figure 4(b) shows that PA1010, PA1012 and 
lignin/PA1010 and lignin/PA1012 blends each have bimodal melting peaks (Tm1 and Tm2), 
which are attributed to the formation of less and more perfect crystals during cooling, 
respectively [32]. PA1010 has a higher melting point (~198oC) than PA1012 (~190oC) because 
of the lower methylene-to-amide (CH2/CONH) ratio compared to PA1012. The melting points 
of both PA1010 and PA1012 components were reduced after incorporation of 50 wt.% lignin. 
In particular, the melting points of each polyamide with 50 wt.% TcA blends were reduced by 
>10oC compared to their corresponding neat values. However, polyamide melting points were 
reduced by ≤5oC after incorporation of 50 wt.% TcC. These melting point reductions in the 
presence of lignin are indicative of plasticisation effect or miscibility of lignin [17]. The higher 
melting point reduction in the TcA/polyamide blends could also be due to its lower molecular 
weight (Mw:3952 g/mol) compared to that of TcC (Mw:11357 g/mol), which may act as a 
plasticizer as a consequence of greater miscibility with both polyamides. Similar to melting 
point reduction, the crystallization temperatures of both polyamides were also reduced in the 
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presence of lignin (Figure 4(c)).  Sallem-Idrissi et al. [16] observed similar behaviour in the 
melt blended lignin with polyamide 6. The percentage PA crystallinities were also similarly 
reduced in the presence of lignin (Table 2) as a consequence of blend component interactions. 
 
 
Figure 4. Second heating DSC responses (a and b) and first cooling cycle (c) of lignin and 
lignin/polyamide blends 
 
Table 2. Summary of the DSC analysis of neat polyamides and lignin/polyamide blends 














Tm1 Tm2 Tm1 Tm2  
PA1010 190 198 - - 27.08 177 - 
PA1012 183 190 - - 20.40 162 - 
TcA/PA1010_50/50 179 191 -11 -7 12.45 146 -33 
TcC/PA1010_50/50 185 195 -5 -3 17.25 171 -6 
TcA/PA1012_50/50 168 180 -15 -11 12.77 147 -15 
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TcC/PA1012_50/50 179 186 -4 -4 18.58 164 +2 
‘-‘ = Not applicable  
a = Reduction with respect to respective polyamide value 




3.1.3 Dynamic Mechanical Analysis 
The glass transition temperature (Tg) of lignin is one of its important properties because 
it can determine its application in various sectors including carbon fibres [33]. From the DSC 
heating thermograms, the Tg values of the neat PA1010 and PA1012 were not apparent because 
of their reduced amorphous phase contents [19]. DMA, however, may be used to determine the 
Tg of such polymers. Figure 5 shows the tan delta versus temperature plots for neat lignin; 
polyamide and their blends and maximum values correspond to the respective Tg transitions. 
Due to the amorphous nature of the lignin, both TcA and TcC showed a single relaxation peak, 
which is attributed to the glassy region with TcA showing a lower temperature (~108oC) than 
TcC (~133oC). The observed Tg value difference in the lignin is due to the difference in the 
molecular weight. However, as seen in Figure 4(a), lignin Tg values measured by DSC are 
lower than those obtained by DMA, which is attributed to the difference in the method of 
determination and properties measured [16, 34]. All the lignin/polyamide blend samples 
showed two tan delta peaks  which  can be attributed to the lignin and polyamide phases present 
(Table 3). These two Tg values suggest that the both polyamides (PA1010 and PA1012) and 
lignins are not fully miscible at the molecular level and their respective increased values are 
due to the enhanced compatibility between the phases which restrict the blend component  
molecule mobility [35]. A similar phenomenon has been observed in the lignin/polyamide 6 
blends by Sallem-Idrissi et al. [16]. Regardless of the lignin type, lignin/PA1010 blends 
showed higher Tg shifts compared to corresponding lignin/PA1012 blends again suggesting 





Figure 5. Tan delta versus temperature curves for neat lignins, polyamides and their blends  
 
 
Table 3. Tg values of the compounded pellet samples determined by DMA 
Samples Glass transition temperature (oC) 
Polyamide Lignin 
TcA - 108 
TcC - 133 
PA1010 57 - 
PA1012 60 - 
TcA/PA1010_50/50 85 112 
TcC/PA1010_50/50 63 147 
TcA/PA1012_50/50 69 110 
TcC/PA1012_50/50 61 139 
 
 
3.1.4 Thermogravimetric Analysis 
Figure 6 shows the weight losses for components and blends under nitrogen as a 
function of temperature. Both lignin (TcA and TcC) decompositions occurred progressively 
from 200 to 900oC in a similar manner and produced considerable amounts of char residue 
(>35%) reflecting their respective carbon contents. It is well known  that the molecular weight 
and presence and concentration of functional groups (e.g. hydroxyl, methoxyl, etc.,) can 
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determine  thermal stability and char residue of a polymer [29, 36].  TcA has a lower molecular 
weight than TcC, which may be associated with its lower onset of degradation temperature 
(228oC) and slightly higher char residue (37%). Both PA1010 and PA1012 have good thermal 
stability up to 400oC with onset of degradation temperatures of ca. 435oC. In blends, the higher 
thermal stability of polyamides increases the thermal stability of lignins. To better understand 
the influence of polyamides on the lignin char residue formation, experimental blend residue 
values were compared with weighted average of individual components residue values as listed 
in Table 4. The consistently higher experimental blend char residues are evidence of interaction 
between each lignin and PA  during thermal decomposition, which in promoting higher char 
formation [37], suggests their suitability as blended precursor materials for carbon fibre 
preparation.  The nature of this interaction is not known but would indicate that either the 
decomposition products of both PA1010 and PA1012 are sensitising lignin or that lignin is 
promoting a degree of cross-linking during respective PA decomposition. 
 





Table 4. Summary of the TGA analysis of the lignin, polyamide and their blends. 







(%) at 880oC  
(experiment) 
Char residue 
(%) at 880oC  
(calculated) 
TcA 228 382 37 - 
TcC 320 397 34 - 
PA1010 440 470 ~0 - 
PA1012 435 480 ~0 - 
TcA/PA1012_50/50 282 465 23 18.5 
TcC/PA1012_50/50 325 459 22 17 
TcA/PA1010_50/50 285 460 24 18.5 
TcC/PA1010_50/50 325 457 21 17 
 
3.1.5 Rheological properties 
Since the lignin can undergo cross-linking at higher temperature and shear, the 
rheological flow behaviour of the lignin and lignin/polyamide blends will assist in 
understanding blend component interactions. A typical shear-thinning flow behaviour was 
observed in TcA, TcC, PA1012 and PA1010 with increase in the frequency during heating 
(Figure 7). The observed viscosity differences between the neat lignins are in agreement with 
their respective molecular weight differences and consequent differences in molecular 
entanglements. Culebras et al. [22] reported the flow behaviour of TcC and TcA at different 
temperatures with respect to time. They observed that the temperature-induced, viscosity 
reduction with a smaller viscosity increase by molecular rearrangement was the dominant 
effect in the TcC. In TcA, on the other hand the dominant effect was cross-linking which leads 
to an increase in viscosity. Therefore, TcC results in less cross-linking during melt processing 
with polyamides compared to TcA. Unlike TcC/PA blends, both TcA/PA1010 and 
TcA/PA1012 blends exhibited a sharp viscosity increase at lower frequency, which could be 
attributed to the dominant lignin cross-linking effect [21].  
The viscoelastic properties (as storage and loss moduli) of the lignin, polyamide and 
lignin/polyamide blends are shown in Figures 8 and 9.  All the blends have more regular and 
19 
 
similar storage/loss trends with respect to frequency. All trends in Figures 7-9 for TcC/PA 
blends are similar to those for the respective polyamides. Therefore, the blend extrudabilities 
should reflect those of either PA1010 or PA1012. This is not the case for TcA/PA blends whose 
rheometric property trends are closer to those of the pure lignin, TcA, which means that melt 
flow characteristics of blends are more predictable at all shear rates. TcC/PA blend storage and 
loss modulus vs frequency trends (unlike TcA/PA) converge at higher frequencies suggesting 
lower viscoelasticity sensitivities at high shear during extrusion, which are little influenced by 
polyamide type. 
 












Figure 9. Loss modulus versus frequency curves of neat lignins, polyamides and their blends 
 
3.2 Lignin/polyamide blend filament properties   
 
Lignin/polyamide blend filaments with an average diameter of about 200 µm were used 
for the analysis. While this diameter is too large for normal carbon fibre conversion, as 
explained in Section 2.2 this was dependent upon the limitations of the Labline extruder which 
was used merely to prove whether blends could in fact be extruded into useful filaments. We 
reported previously that the lignin content significantly influenced the blend processability and 
it was possible to compound 70 wt.% lignin with 30 wt.% polyamide [21]. Trial filament 
extrusion experiments with the Labline extruder, however, showed that for lignin levels >50 
wt.%, good quality filaments were difficult to be spun. Therefore, lignin/polyamide blends with 
50/50 ratio were chosen to produce stable and uniform filaments with moderate mechanical 
performances. 
 
3.2.1 Tensile properties of the blend filaments 
Figure 10 shows the stress versus strain behaviour the 100% polyamide and 
lignin/polyamide blend filaments. Surprisingly, there is a significant difference between the 
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respective 100% PA stress/strain curves (Figure 10(a)) suggesting that for these commercial 
versions chosen for this work, PA1010 produces filaments of considerably superior strength 
than PA1012. Their breaking strains >150% are typical of undrawn 100% polyamide filaments.  
The stress/strain curves for the blended filaments are significantly different from the 
respective 100% PA filaments and those for three of the blends are extremely similar with the 
TcA/PA1010 filaments showing both greater tenacity and modulus values. Furthermore, the 
tenacity differences observed between the two polyamides in Figure 10(a) are not reflected in 
the respective blend filaments values in Figure 10(b). The very low percentage blend strain 
values of these at around 3% may be attributed to phase separation between the lignin and 
polyamide in the blends where the lignin effectively behaves as a filler (see section 3.2.2). 
However, while these low breaking strain values reflect also the reduced toughness of blend 
filaments, they were sufficiently robust to withstand further processing without severe damage 
occurring. The tensile strengths and tensile moduli of the blend filaments  were in the range 
30-40 MPa and 1.4-1.9 GPa, respectively with the  higher modulus values  (see Figure 10 (c)), 
a consequence of the reinforcing effect of lignin in the resulting blends [23, 38–40]. The 
observed values are most likely influenced by the compatibility between blended components, 
which can be confirmed through Pukanszky modelling of lignin/polymer blends (Eq. 3) [1, 23, 
41]. This model predicts the interfacial interaction between the blended components in terms of 




 exp (B𝜑𝑑)       (Eq. 3) 
where σy and σy0 are stress at yield of the blend and strength at yield of the continuous phase, 
respectively. φd represents the volume fraction of dispersed phase in the blend while B represents an 
interaction parameter related to the interfacial adhesion between blend components. Applying this 
model, assuming the absence of adhesion between the blended components (i.e.  B=0), then the 
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stress at yield should be in the range 4.4-15.6 MPa for lignin/PA1012 and lignin/PA1010, 
respectively, which values are considerably less than those in Figure 10(c). This, therefore, suggests 
good interfacial interaction between the lignin and polyamide components. This conclusion is in 
good agreement with the infrared spectra results (Figures 2 and 3) where the lignin and polyamide 




Figure 10. Tensile properties: (a) stress-strain curve of neat polyamide filaments; (b) stress-
strain curve of lignin/polyamide blend filaments; and (c) tensile strength and modulus of neat 
PA1010 (A); neat PA1012 (B); TcA/PA1010_50/50 (C); TcC/PA1010_50/50 (D); 
TcA/PA1012_50/50 (E); and TcC/PA1012_50/50 (F) 
 
3.2.2 Morphological analysis of the lignin/polyamide blend filaments 
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SEM images of the prepared lignin/polyamide cylindrical filaments are shown in Figure 
11. In contrast to the TcA/polyamide blends (Figure 11a), the TcC/polyamide blends filaments 
showed smoother and more uniform surface morphologies, which probably is an indicator of 
their improved melt processability and superior rheological properties (see Figure 7), although 
usually macro-phase separation is not easily observed in immiscible polymer blends [42]. 
Regardless of lignin type, all the samples exhibited microscopic heterogeneous morphologies 
with uniform lignin particles dispersed in respective polyamide phases (Figure 11(b)). This 
observation suggests that both PA1010 and PA1012 are largely immiscible with the selected 
lignins and similar observations have been reported in our previous work with PA11 [21] and 
by several researchers in lignin/polyethylene [17], lignin/polypropylene [43], lignin/ionomers 
[18], and lignin/poly(ethylene-co-vinyl alcohol) [17] blends. The final particle size  depends 
on thermodynamic and kinetic factors, i.e. on interactions and the shear forces prevailing 
during mixing [18]. In Figure 11(b) the average size of dispersed lignin particles is <1 µm, 
which is significantly smaller than the neat lignin average particle size i.e. >15 µm. These 
observed particle size reductions show that component interactions are strong in the 
lignin/polyamide blends, although not enough to enable miscibility. These results are in good 
agreement with lignin blends studies in the literature [17, 18, 44]. Following analysis of lignin 
domain sizes (see Section 2.4.7), it can be seen in Figure 11(c) that the average size of dispersed 
lignin particles is slightly smaller in each TcC/polyamides blend compared with the 
corresponding blend prepared with TcA. In particular, the TcC/PA1010 blend showed the 
narrowest lignin particle distribution with an average size of 0.4 µm. Such lignin particle size 
reduction in TcC/polyamide blends may be attributed to the effect of hydroxypropyl 





Figure 11. SEM images of lignin/polyamide filaments: (a) surface of the filaments (b) cross-
section of filaments and (c) lignin particle size distribution 
 
3.3 Simulated thermostabilization 
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In order to confirm whether or not during thermostabilization cross-linking of the lignin 
TcC/PA blends occurs, thermal transitions were analysed by DSC and TGA. It was observed 
that the thermostabilized filaments were quite flexible and these still maintained the original 
fibre morphology without fusion or melting. Therefore, TcC/polyamide blend, potential 
precursor fibres (PFs) could be stabilized rapidly without filament fusion occurring. The second 
heating and first cooling DSC thermograms are shown in Figure 12(a). During the first heating 
cycle (not shown), each PA component within each blend exhibited a broad endothermic peak, 
which reflected the removal of internal stresses occurring via re-orientation and endothermic 
re-organization of the PA polymer chains introduced during filament formation. Following 
cooling and formation of stable polycrystalline domains within PA component regions, their 
remelting characteristics are now shown as the structured endotherms in Figure 12(a). After 
thermostabilization subsequent DSC analysis shows the absence of any PA endotherms and 
hence presence of any polycrystalline structure, suggesting that cross-linking has occurred 
between the component PA and lignin chains. Figure 12(b) shows the TGA responses under 
nitrogen of each TcC/PA blend before and after thermal stabilization, which show that the char 
yields above 500oC of each of the latter has increased (see also in Table 4). These increased 
char yields are most likely be due to the dehydration, condensation, cross-linking and 
elimination reactions of lignin accompanied by  water, CO and CO2 release through the 
formation of keto, ester and anhydride linkages during thermal stabilization at 250oC [45]. In 
addition, cross-linking between TcA and PA chain fragments will also give rise to increased 
char. However, the observed maximum char yield (around 28%) in the thermostabilized 
TcC/PA1010 blend fibers is low compared to polyacrylonitrile-based carbon fibre precursors. 
The carbon yield of the fibres could be improved by incorporation of additives such as 




Figure 12. (a) DSC curves and (b) TGA curves of the TcC/polyamide blend filaments before 
and after thermostabilization at 250oC for 2 h. 
 
The fibrous char residues of each thermostabilized blend filament sample were 
collected for microscopic examination (Figure 13(a)). Further examination by SEM in Figures 
13(b)-(g), shows that these residues possess defined coherent carbonaceous morphologies. 
Figures 13 (b) and (e) suggest that the filament residues surface iare defect-free and without 
evidence of excessive shrinkage. The cross-sections of the fibrous residues, however, showed 
micro voids in both blend formulations (Figures 13 (c) and (f)). The observed micro-voids most 
likely are associated with the volatile compound release during heating. A similar type of 
porous morphology was observed by Thunga et.al. [9] in carbonised lignin/polylactide blend 
filaments and attributed it to processing defects in the original filaments. However, the porous 
morphologies in the present samples were probably caused by the thermal decomposition of 
the polyamide components as evidenced by their TGA volatilisation curves (Figure 6). The 
surface morphologies of fibrous residues are quite irregular with some directional grain parallel 
to the filament axis which may be associated with the heterogeneity of the original TcC/PA 
blends. These preliminary thermal stabilization results suggest that the lignin/PA blends 
filaments can be used to produce carbonised filaments whose tensile properties may be 
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optimized by varying the thermal stabilization parameters and fine-tuning the blend 
morphology.  
 
Figure 13. (a) Optical image of the thermostabilized filament after heating from room 
temperature to 900oC at 20oC/min and (b)-(g) SEM images of thermostabilized 
TcC/polyamide blend filament after heating from room temperature to 900oC at 20oC/min;  






This work has demonstrated that two different lignins (TcA and TcC), when melt blended with 
biobased polyamide 1010 and polyamide 1012 and while appearing to have generally 
heterogeneous morphologies, possess sufficient physicochemical interaction to enable their 
extrusion into coherent filaments having acceptable tensile properties. However, the level of 
compatibility was such as to enable each polyamide component to retain some of its original 
melting behaviour. While the lignin particles were uniformly distributed with an average size 
<1 µm, the hydroxypropyl-modified lignin (TcC) in blends with PA1010 exhibited a narrower 
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lignin particle distribution with an average size of 0.4 µm, which is attributed to the effect of 
this modifying group. TGA analysis revealed that interaction between the lignin and polyamide 
during thermal decomposition promoted higher-than-expected char formation, which 
suggested their potential as biobased, carbon fibre precursor blends This proposal was further 
supported by simulated thermostabilization at 200oC of TcA/PA blend filaments, which 
showed evidence of cross-linking and reduced thermoplasticity and which, when heated under 
nitrogen to 900oC, yielded carbonaceous residues having morphologies typical of carbon 
filaments. Clearly these results and conclusions demonstrate the potential for lignin/biobased 
polyamide blends as potential carbon fibre precursors. Now that we have demonstrated that 
useful filaments can be extruded from 50/50 lignin/PA blends, future work will develop our 
understanding of the thermostabilisation and carbonisation process variables undertaken on 
precursor blended filaments produced under more sophisticated extrusion conditions to ensure 
that they have diameters and tensile properties closer to those for PAN-based precursor fibres. 
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Figure 13. (a) Optical image of the thermostabilized filament after heating from room 
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